Seafloor polymetallic sulfide resources exhibit significant development potential. In 2011, China received the exploration rights for 10,000 km 2 of a polymetallic sulfides area in the Southwest Indian Ocean;
Introduction
Polymetallic sulfides have attracted significant attention as a potential seabed mineral resource due to their high grade of precious metal elements, such as Cu, Zn, Pb, Au, and Ag. In 1979, scientists discovered high-temperature chimney and massive sulfide mounds at 21 N of the East Pacific Rise, which proved the close relationship between the formation of seafloor polymetallic sulfides and sea floor spreading caused by oceanic crust accretion (Francheteau et al., 1979; Spiess et al., 1980) . Since the beginning of the 1980s, research on seafloor hydrothermal activities has gradually extended to global tectonic zones in oceans. Recent exploration activity has focused on polymetallic sulfides in a variety of tectonic settings on the modern seafloor, including mid-ocean ridges, arcs, and backarcs (Li, 2007; Wen and Xia, 2010) . In addition to deep-sea manganese nodules and Co-rich crusts, polymetallic sulfides are another type of seabed mineral resource with substantial prospecting and development potential. The exploration and evaluation of seafloor sulfide resources has become a research hotspot at home and abroad.
Based on the quantitative prediction method of sulfides on land, and the special environment and physical conditions necessary for the formation of this deposit type in the ocean, this paper systematically establishes a three-stage quantitative prediction process for seafloor polymetallic sulfide resources. The results of each stage will provide an indispensable foundation for the subsequent stages of the exploration survey.
Status of exploration for seafloor polymetallic sulfides
In 1978, the American scholar Rona announced the locations of 17 hydrothermal mineral occurrences on the world's seafloor (Rona, 1978) ; the number of occurrences increased to 139 in 1993 (Rona and Scott, 1993) . In 2004, more than 400 locations had been discovered, of which nearly 280 locations had active hydrothermal vents (Baker and German, 2004) . By 2010, more than 500 locations had been discovered due to the expansion of international investigation of polymetallic sulfides (Jing, 2012) . Additional hydrothermal vents and mines have since been explored. Of the known hydrothermal ores, many of their indicated resources are designated in the millioneten million ton class (Rona, 1988; Herzig and Hanning, 1995; Wu, 2000) . Seafloor polymetallic sulfides are abundant in Cu, Zn, Fe, Mn, Pb, Ba, Ag, Au, Co, Mo and rare metals, and can be exploited via simple decomposition processing (Deng, 2007) to attain great mining value.
Since the 1980s, several major industrial countries began to investigate and explore polymetallic sulfides in the oceans (Mao, 2002; Ding et al., 2009 ). In the early mid-1960s, Russia obtained polymetallic sulfide samples in the Pacific and explored the causes of the ocean hydrothermal circulation process. After submarine black chimney and massive sulfides were discovered in 1979, the United States, France, Germany, Britain, Japan, Canada and Australia successively investigated seafloor sulfides.
In contrast to foreign marine investigations, China has only gradually begun to study hydrothermal polymetallic sulfides since the early 1980s (Tao, 2011; Tao et al., 2014) . In 2003, China independently conducted research on seafloor hydrothermal sulfides. Since 2005, the China Ocean Mineral Resources Research and Development Association has organized a series of voyages to perform sulfides surveys. In 2007, China discovered a hydrothermal activity region in the Southwest Indian Ocean; it was the first submarine hydrothermal activity region in the world to be discovered in an ultra-slow spreading ridge. By 2010, China had discovered eight hydrothermal regions in Southwest Indian Ridge, seven hydrothermal regions in the East Pacific Rise equatorial area, and two hydrothermal regions in the South Atlantic Ridge. China submitted an application for exploring 10,000 km 2 of polymetallic sulfide regions in Southwest Indian Ridge, which was approved by the International Seabed Authority at their 17th meeting on July 19, 2011. Only 25% of the contract area will be retained in 2021. This region is the second contract area that China possesses in addition to the area of polymetallic nodules in the Pacific Ocean.
Quantitative prediction theory and method
Under the guidance of the scientific prediction theory, we comprehensively examined the geological, geophysical, geochemical and other metallogenic characteristics of polymetallic sulphide deposits in order to improve the effectiveness of prospecting studies and to enhance exploration efficiency (Zhao et al., 2006) . Zhao firstly proposed a basic theory for metallogenic prediction in 1990, which incorporates information from analogous genetic models the combination of geological conditions, and geoanomalies.
Analogous genetic models provide important information because by comparison with the ore-forming model obtained from known deposits, potential deposits may be discovered in similar geological conditions to those experienced by known deposits. The combination of geological conditions is important because the form and merit of a deposit is dependent on the interaction of a variety of ore-forming factors. Therefore, we need to comprehensively investigate and account for all geological, chemical, physical and biological factors that are associated with the ore-forming process. Geo-anomalies occur when there is a distinct difference between the material components, structure, or genetic sequence of a geological body and its surroundings (Zhao and Chi, 1991) . Any deviation from the background range constitutes the geological anomaly. It is represented by a numeric range (or threshold) that has a definite space and time, and comprehensively reflects the crustal heterogeneity.
If we consider the exploration survey to be a large system that contains numerous subsystems, then metallogenic prediction is one of the dynamic subsystems. Corresponding to the four stages of exploration surveydreconnaissance, prospecting, general exploration, and detailed exploration (GB/T 13908-2002 (GB/T 13908- , 2003 ) d metallogenic prediction is also a study that is performed in stages; the specificity of the ore-controlling factors and the difference in the prediction methods in each stage should be considered. Many theories about process-oriented prediction and prospecting exist. In this paper, we employ the theory of "5P" ore-finding areas (Zhao et al., 2000) (Fig. 1 ) and adopt the method of weights-of-evidence during the quantitative prediction.
Weights-of-evidence is the most extensively applied linear model in mineral prospectivity mapping. It employs Bayes' theory of conditional probability to quantify the spatial association between a set of predictor maps and a set of known mineral deposits (Agterberg, 1989; Agterberg et al., 1990 ; Bonham-Carter and Figure 1 . Procedure chart of geo-anomalies for locating ore-bodies (Zhao et al., 2000) . . The spatial association is expressed in terms of weights-of-evidence for each of the predictor maps, which are combined with the prior probability of occurrence of the targeted mineral deposits using Bayes' rule in a (log)-linear form under the assumption of conditional independence of the input maps to derive the posterior probability of occurrence of the targeted mineral deposits (Porwal et al., 2010) .
Quantitative prediction process of seafloor polymetallic sulfide resources
Seafloor polymetallic sulfide resources prediction comprises a new area of mineral resources prediction, and employs the same basic theories and methods as the prediction of sulfides on land. After 40 years of marine investigation, scientists have developed a basic understanding of ocean resource potential and conducted a preliminary analysis of the seafloor hydrothermal sulfide situation by seabed observations and an ocean drilling program. Based on the quantitative prediction theory, this paper divides the prediction of seafloor polymetallic sulfide into three stages: prediction in a large area, prediction in a prospecting region, and the verification and evaluation of a prospecting target (Fig. 2) . The prediction process is applied to determine how to prospect for polymetallic sulfides in the Chinese contract area.
Geologic setting of study area
The Southwest Indian Ridge (SWIR) extends from the east Rodriguez triple junction to the west Bouvet triple junction over a distance of approximately 8 Â 10 3 km, separating the African and the Antarctic plates (Fig. 3) . The spreading rate of the SWIR ranges from 1.4 to 1.6 cm/a, with a highly oblique spreading direction on some segments (Muller et al., 1999; Sauter et al., 2004) .
We have employed the Chinese contract area for the exploration of polymetallic sulfides as the study area. It is located between the Indomed and the Atlantic TFs in the central section of the SWIR; it contains 100 blocks and is grouped into 12 clusters with a total area of 1 Â 10 4 km 2 (Fig. 4) . The comparatively shallow depth and the thicker crust relative to the neighboring areas reveals a significant increase in the magma supply since w8e10 Ma. West of the contract area, the shallowest depth is 1570 m and the morphology is characterized by many flat-topped seamounts, which are interpreted to be a result of the increased magma supply. (Fig. 4) .
First stage: prediction in a large area
The first stage of the exploration survey requires knowledge about the distribution of seafloor hydrothermal activity, polymetallic sulfide resources, ore-forming factors, and geological and geophysical-geochemical anomalies related to the deposits in the prediction area. This stage explores the most probable ore-forming area of seafloor polymetallic sulfides in an international seabed, which is a promising prospecting region.
Seafloor polymetallic sulfides, through the combined effect of internal and external forcing, are formed via a water-rock hydrothermal process in the oceanic crust, which has a close relationship with tectonic activity, volcanic activity, regional geological changes and cycles of local physical chemical events. We collected data from domestic and international sources concerning ocean polymetallic sulfide resources in large area as shown in Table 1 . A large prediction area, relatively low-degree survey coverage and low data accuracy of the regional investigation are the main characteristics of this stage. Because of the broad scope of the prediction area, detailed ore-controlling information and metallogenic prediction factor types are both limited. We must obtain the key prediction factors that exhibit the greatest relevance to the formation of sulfide deposit to derive a favorable metallogenic combination of seafloor polymetallic sulfides in a large area.
In this stage, we select the Indian Ocean to be the prediction area and employ the prediction factors obtained from the five types of data (Fig. 5 ) listed in Table 1 to obtain a favorable metallogenic combination of seafloor polymetallic sulfides. We adopt the method of weights-of-evidence to perform the prediction and employ the posterior probability map, in which the higher values of posterior probability represent the optimal conditions for mineralization. The map (Fig. 6b) shows that the SWIR and the junction of trigeminal ridges yield a relatively high value, which can be selected as a promising prospecting region. Our study areaeChinese contract areaeis located in the central SWIR, where the value of posterior probability is significant (Fig. 6a) ; this finding indicates superior prospecting potential and an accurate and meaningful selection of its location.
Second stage: prediction in a promising prospecting region
The results from the second prediction stage provide suggestions for prospectingdthe second stage of the exploration survey. By understanding the distribution of seafloor polymetallic sulfide resources in prospecting regions (results from the first stage) using the higher accuracy data obtained from the upper stage investigation, such as seabed topography data, gravity and magnetic data, geological sampling, and seabed photography, we obtain the approximate characteristics of an ore body, such as the distribution, shape and quality, and select the preferable ore-finding area, which is the prospecting target for the next prediction stage. The results of this stage can provide suggestions regarding how to abandon 50% of the Chinese contract area.
Based on detailed ocean-floor data and a comprehensive and systematic analysis of the ore-forming geological conditions of typical sulfide deposits, we can establish an ore prediction model of seafloor polymetallic sulfides in a promising prospecting region using prospecting indicators collected from existing literature and ocean databases (such as http://www.geomapapp.org, http://www. interridge.org, http://www.iodp.org and so on). To satisfy the requirements of this quantitative prediction stage, we collected some prospecting indicator data (Table 2) that are available from related domestic and international studies.
In this prediction stage, the modeling procedure is divided into three levels (Fig. 7) . First, we summarize the ore-controlling factors collected from relevant literature and construct a conceptual prospecting model for seafloor polymetallic sulfide; second, the level of study of seafloor hydrothermal polymetallic sulfide deposits is relatively low; then, available regional digital data are limited. We compare the collected digital data with the ore-controlling factors of the conceptual model and select relevant metallogenic prediction factors from the available data to establish a prospecting data model for ocean polymetallic sulfides. Based on the theory of analogous genetic models and geo-anomalies, we sum the value ranges (anomalies) of these metallogenic prediction factors, which represent the most favorable range for the formation of polymetallic sulfide deposits and establish an ore prediction model that transforms the geological features into corresponding quantitative parameters.
We select the SWIR and its surrounding area as the prediction area. Compared with the prediction work in the first stage, the prediction area is relatively narrow and the marine survey data have a higher accuracy. Therefore, we can establish a typical and detailed ore prediction model (Table 3) by applying more kinds of metallogenic prediction factors that were directly or indirectly obtained from the data (Fig. 8 ) listed in Table 2 .
We adopt the method of weights-of-evidence. The posterior probability map (Fig. 9b) shows that the prediction area contains three prospecting targets (I, II, III) including known hydrothermal fields, such as Mt. Jourdanne, hydrothermal area A and 10 e16 E. In our study area, 48 e52 E has the highest posterior probability value (Fig. 9a) , therefore a significant resource potential should be focused on for further exploration.
Third stage: verification and assessment of target
In this stage, we employ the same modeling procedure and weights-of-evidence method as employed in the second stage. However, the prediction area is narrower and primarily focuses on the study area and its surrounding. The prediction result is more refined and provides guidance regarding how to reserve 25% of the Chinese contract area. To verify and assess the prospecting target obtained from the previous stages of prediction, we employ the method of numerical simulation to simulate the ore-forming process of a polymetallic sulfide deposit.
Numerical simulation of an ore-forming geological process includes three main parts (Fig. 10) . First, an advanced scientific numerical calculation, which is the core of numerical simulation research, is established. According to the known laws of nature and science, the established mathematical physics equations can quantitatively simulate the related geological processes and introduce geosciences into quantitative scientific theory. Second, it is necessary to transform the numerical calculation into computer language by writing programs and developing numerical simulation software. Third, appropriate parameters can be selected to perform the numerical simulation experiment based on observed geological phenomenon and existing geological data.
The numerical simulation method is based on a detailed geological study to quantify the geological phenomenon using a conventional inductive and deductive logic prediction method (Yu, 2013) . With the existing experimental results and basic geological data, the established model for a typical hydrothermal sulfide field can describe the process of hydrothermal fluid flow within the oceanic crust and simulate the development of the process affected by various factors in space and time. It can visually and scientifically Heat monitoring data of sites in prospecting region Figure 7 . Modeling procedure of predictive prospecting model for seafloor polymetallic sulfides. Figure 8 . Prediction factors of seafloor polymetallic sulfides in SWIR. Figure 9 . Posterior probability map of sulfides prediction in SWIR.
reproduce the evolution of hydrothermal activity and predict possible places for the eruption of hydrothermal fluid. In this manner, we can verify the accuracy of the prospecting target location from another perspective.
Conclusions
The survey of seafloor polymetallic sulfides remains in the general exploration stage throughout the world, however the survey process in China has just begun. The best approach for rapidly and accurately searching for seafloor polymetallic sulfide resources has become a top priority. In contrast to continental sulfide ore, the survey of seafloor sulfide ore is challenging and requires additional manpower and resources. Thus, doing metallogenic prediction work to determine the targets prior to an exploration survey is critical. This paper establishes the quantitative prediction and evaluation process of seafloor polymetallic sulfide resources, which is applied in the prediction of polymetallic sulfides in the Chinese contract area. It employs proper prediction method and data to perform the metallogenic prediction in three stages according to the demands of the relevant stage of exploration and achieves a reasonable result. The prediction process gradually narrows the exploration scope and reduces unnecessary exploration work, which demonstrates the importance of different stages in guiding further exploration of seafloor polymetallic sulfides.
